Two DNA duplexes of identical sequence and 35 nt in length were synthesized by an original and a highly improved version of phosphoramidite chemistry. By base composition analysis, DNA synthesized by improved chemistry (termed DMTS-imp) contained no detectable modified bases while DNA synthesized by the original chemistry (termed DMTS-std) had a large number of modifications. Under optimal reaction conditions, Hhfl.1 and Raa.1 cleaved the DMTS-std duplex to 76-77% completion and the DMTS-imp duplex to 96-99% completion. Restriction analysis and piperidine treatment yielded estimates of -3.0% modified nucleotides in DMTS-std and -1.0% in DMTS-imp. Overall, the improvements in chemistry increased the restriction efficiency of synthetic DNA up to 10-fold.
INTRODnCTION
Synthetic oligodeoxyribonucleotides (oligomers) are being used increasingly in molecular biology for site-specific mutagenesis, DNA hybridizations and in assays for enzymes and proteins that interact with specific DNA sequences (1) (2) (3) (4) (5) (6) (7) . For the success of many of these experiments, purified oligomers need to be free of modifications that would otherwise interfere with base pairing, cause helix distortion, and disrupt DNA-protein recognition. However, original versions of nucleoside phosphoramidite chemistry for solid phase synthesis have the potential for yielding DNA with modified bases. For example, methylation at the N3-position of thymine can occur if methoxyphosphoramidites are U3ed and thiophenol deprotection is omitted (8) . Additionally, modification at the 0^-position of guanine ha3 been reported in both methoxyphosphoramidite chemistry (9,10) and P-(cyanoethyl)phosphoramidite chemistry (11) .
In the course of developing an a33ay for mammalian DNA methyltran3ferase using synthetic DNA, we found that only 60% of a duplex 35mer could be cleaved at a GCGC site by Hlial. Recently, however, improvements in solid phase phosphoramidite chemistry have made synthesis of DNA with very low levels of modified bases possible (11) (12) (13) . For example, if methoxyphosphoramidites are used, thiophenol deprotection time needs to be increased from the original 45 min (14) to eliminate any residual alkylated b83es (13) . Additionally, O b -guanine modification, which has been shown to produce 2,6 diaminopurine that can base pair with thymine thu3 causing transition mutations (15) , can be virtually eliminated in both phosphoramidite chemistries by replacement of dimethyl-aminopyridine (DMAP), a capping catalyst, with N-methylimidazole (HMD (11) . Indeed, reports have appeared suggesting that the observed mutation frequency in cloning constructs may be related to the synthetic oligonucleotides used (16, 17) .
To determine whether reduced cleavage was related to the chemical authenticity of the oligonucleotides used here, new oligonucleotides were prepared using the highly improved phosphoramidite chemistry. While neither synthetic DNA was cleaved completely by the restriction enzymes tested as compared to the same oligomer cloned in E. r.n 1 i. the improved chemistry yielded a duplex that was cleaved 96% or greater by Hhal and other enzymes. (11) . Oligomers were purified on 20% polyacrylamide gels with 7 M urea and desalted on Sephadex G25-80 as described (19) . Where indicated, oligomers were digested with snake venom phoshodiesterase, dephosphorylated, and analyzed by HPLC as described (22 were assayed by electrophoresis on 20% acrylamide gels in 7 M urea and TBE at 45°C; longer DNA fragments were analyzed on non-denaturing 12% acrylamide gels in TBE at 25°C. After autoradiography, radioactive band3 were excised and the amount of radioactivity determined by liquid scintillation counting.
DNA sequencing reactions were done on one strand of DMTS-imp labelled at its 5'-end as described (19) . were not a subset of molecules that are uncleavable at all sites. Hence, whatever inhibited the enzymes appeared to be random.
Results from several experiments also led to the conclusion that the oligomer itself was the source of the inhibition. For example, the inability of Hhal to cleave DMTS-std duplex was not an artifact caused by gel purification because unpurifled DMTS-3td duplex was also cleaved to the same extent (data not shown). Uncut molecules did not appear to arise from unhybridized single-stranded 35mers that cleave at a much lower rate than duplex DNA, because virtually all 35mers were in double-stranded form ( Figure IB) . Additional experiments also showed that for the most part the extent of the reaction was unaffected by altering reaction times, enzyme-to-DNA ratio, and reaction conditions (i.e., salt, pH, temperature). However, B. a 16% improvement in cleavage efficiency was obtained by adding dimethylaulfoxide to 5% (v/v) and increasing the enzyme:DNA ratio to 600 U/pmol. Thus, under these conditions, which were used in the experiments described below, the DMTS-std duplex could be cleaved to 7 6% and 71% completion by Hhal and Baal, respectively.
One strand of DMTS-std duplex (i.e., the lower strand, see above) was analyzed by enzymatic digestion followed by reverse phase HPLC (22) . The3e
values were compared to those obtained for the same strand of an oligomer duplex of identical sequence synthesized using the improved chemistry (DMTSimp). The results are shown in Figure 2 and the data summarized in Table 1 .
It can be seen that virtually no modifications were detectable in DMTS-imp by optical density at 254 nm or by fluorescence. The deoxyinosine arises via an adenosine deaminase activity contaminating snake venom Peaks co-migrating with peaks in a digestion blank were omitted for the calculation. Benramide (bz) present in DMTS-imp because "crude" sample was used for analysis, was also omitted for the calculation, dl i3 present due to adenosine deaminase contamination in the snake venom phosphodiesterase (20) . **Peak3 not assigned and not co-migrating with peaks in the digestion blank.
phosphodiesterase (22) . Hence, 100% of the optical density was contained in dA, dT, dC, dG and dl. By contrast, DMTS-std contained 52 detectable peaks comprising 21.3% of the optical density with 78.7% of the absorbance residing in the expected 5 deoxyribonucleosides. Of thi3 21.3%, over half or 11.1% came from the peak3 at 5-6 min peak which were absent from DMTSimp. Of the remaining peaks, only a few are actually assignable as known modified deoxyribonucleosides, e.g., 1-methyldeoxyguanosine at 39.8 min (13); 2,6 diaminopurine at 40.5 min (11); N3-methyldeoxythymidine at 51.7 min (8,13); N 6 -methyldeoxyadenosine at 56 min (13); and 6-DMAPdeoxyguanosine at 63.6 min (11). Calculations of the empirical formula (22) for DMTS-atd duplex based on these data gave an error rate of 5.8% per deoxynucleoside compared to theoretical values. The relationship between these data and those reported before (22) , along with estimates of modification from restriction and piperidine treatment is discussed below.
ifffttlon Ljrw'lw AT-4»4nj •frfffll *****hy Methyl transfer to N6-adenine, Nl-guanine, and N3-thymine is known to occur during methyl deprotection with thiophenol (11) and the three modified deoxynucleosides were found in DMTS-std at detectable levels. Without correction for differences in extinction coefficients, N6-methyl-dA occurred at -1.1% of dA; 1-methyl-dG at 0.6% of dG; and N3-methyl-dT at 5.7% of dT. These values are consistent with a deprotection time of 5 min or less. The program for the early version chemistry used in the synthesis of this compound included a 30 min methyl deprotection step. Hence, the data imply an inadequate methyl deprotection step. How common this problem may have been using the older protocols is unknown, but was clearly substantial in this case. It should be noted, however, that it was previously reported (22) that methoxyphosphoramidites can be used successfully to synthesize chemically authentic DNA comparable to ^-cyanoethyl-made DNA.
R^wtirlcti^QI 1 Jyrmlywia of t-.hw Qli-oomfti" Rvni-hi^wi Tt*A hv IinprQTnd Cfaftmiafcrv
Even though DNA synthesized by the improved chemistry contained no detectable modifications (see above), we cloned the oligomer duplex into the Sail site of pUC18 to obtain an oligomer duplex that would serve as a control. The plasmid p35 had one copy of the 35mer duplex, termed DMTS-p35, which was purified on a non-denaturing polyacrylamide gel after digestion with fiail and 3' end-labelling. Although the insert was not completely sequenced, five restriction sites were still intact. DMTS-std, -imp and -p35 duplexes were digested with HhuT and Baal under optimal conditions (see above), and the results are shown in Figure 3 and summarized in Table 2 .
Although none of the DNAs was cut to completion by either enzyme, the extent of cleavage was substantially improved with DMTS-imp and -p35 duplexes as a data is expressed as the percentage of the DNA that is uncleaved and is the average of three digests when given with a range ().
substrates. Hhal cut DMTS-std duplex to 76% completion, DMTS-imp duplex to 92% completion and DMTS-p35 duplex to 98% completion while Baal cut DMTS-std duplex to 71% completion, DMTS-imp duplex to 91% completion and DMTS-p35 the BamHI site and assayed cleavage at a pUC18 Hlia_I site. Because both Hhal sites are on fragments longer than the oligomer and lie at nearly identical distances from each end, the two fragments effectively test the effect of fragment length and oligomer sequence on cleavage. As shown in Table 3 , Hlia.1 sites in the oligomer and pUC18 were cut to similar levels and neither to completion. Uncut DNA did not appear to come from DNA damaged during isolation since the 266 bp fragment was cleaved to >99% completion by ECQRI• Hence, Hlia.1 was unable to cut the DMTS-p35 duplex to completion for reasons other than the length of the fragment and sequences surrounding the Hlia.1 site in the oligomer. Rather it reflects an inherent property of the enzyme.
Plpwr^H<n« fiftTinlfcivlfcy of fchft Syrit-hM-In DNAa
The improved chemistry clearly produced a synthetic oligomer duplex with substantially Improved substrate cutting efficiency. Nonetheless, it fell slightly short of the cleavage levels seen for DMTS-p35 duplex. It was Table 3 . Restriction endonuclease cleavage of sites in DNA fragments from p35.
Restriction
Origin Sites uncleaved* likely, therefore, that DMTS-imp duplex atill contained a low level of nuxiification. Piperidine treatment was used to assess this possibility.
The lower 3trand of each duplex (see above) was labelled at it3 5' end and treated with or without piperidine at 90°C for 30 min. The results are illustrated in Figure 5 with both short and long exposures. Note that for DMTS-p35, it was not possible to isolate separate strands so the 3' ends were labelled by extending 4 nt with the Klenow DNA polymerase I and labelled dNTP. Hence, the uncleaved DMTS-p35 band contains both strands each 4 nt longer than the oligomers.
In the untreated controls, a small amount of both oligomers were contained in fragments smaller than the undegraded strands. The source of this partial degradation is unknown but may reflect in part radiationinduced cleavage because both strands were labelled to the same specific activity and partially fragmented to the same extent. However, DMTS-p35 did not show significant degradation at comparable specific activity and storage times (not shown). Nonetheless, DNA synthesized by original chemistry was Std | Imp . std I Imp |G G |3 5 rigura 5. Piperidine treatment of DNA synthesized using original and improved chemistry. 5'-end labelled DNA synthesized using improved (Imp.; 1.3 pmol single-stranded DNA) and original chemistry (Std.; 1.8 pmol singlestranded DNA) and 3' end-labelled DMTS-p35 duplex (35; 0.5 pmol duplex DNA) were treated with fresh 10% piperidine for 30 min at 90°C. After drying and washing equal amounts of radioactivity from untreated (-) and piperidinetreated (+) DNAs were separated on a 20% acrylamide gel in 7 M urea. A long (15 hr; left side) and a 3hort (3 hr; right side) exposure of the synthetic DNA lanes is shown. DNA synthesized by Improved chemistry was used in G and G+A sequencing reactions for markers.
significantly more sensitive to piparidine cleavage (36% of the molecules completely resistant) than DNA synthesized by improved chemistry (64% of the molecules resistant). The DMTS-p35 duplex was virtually undegraded as observed by others for natural DKAs (24) .
On the average, cleavage products for the DMTS-imp strand were also longer than for the DMTS-std strand reflecting a lower frequency of modified sites per strand. From Figure 5 it appears that many fewer counts from piperidine-treated DMTS-std oligomer were retained on the filter after fixing and drying the gel, suggesting that many short fragments were generated by the treatment. It also appears from the cleavage products that Hence, the reduction of the three modified bases to undetectable Ievel3 most likely had a significant effect on the improvement in cleavage efficiency.
It is not possible, however, to account for the improved cleavage efficiencies by just these three modified bases. As noted aove, the levels of cleavage were not easily correlated with the levels of the individual modified bases. Furthermore, the newer chemistry also eliminated the large number of other undefined peaks seen by HPLC of DMTS-std deoxynucleosides.
It is also worth noting that the improved substrate still contained substantial levels of sites that were piperidine and heat sensitive.
Indeed, all 4 bases in the Baa.1 site were modified to some extent. Hence, modified Ga and Ta cannot be singled out aa the only elements contributing to the inhibition of cleavage efficiencies, what the nature of the heat and piperidine-aensitive sites are ia unknown, but it ia likely that they have not been identified by HPLC given their lack of UV absorbance. They might include modified phoaphoeaters, abasic sites, or other products arising from deprotection of the exocyclic amines during ammonolyais and acid hydrolysis.
It is important to emphasize that oligomers synthesized by the improved chemistry manifest a greater chemical authenticity than those synthesized by an earlier version. Furthermore, thi3 improvement in chemical authenticity yields enhanced biological fidelity. In the present examples, for instance, the background level of uncut DNA has been reduced to only a few percent for DMTS-imp as opposed to -25% for DMTS-std, and the level of modification is at most one in a hundred ba3es. For short DNA fragments, therefore, most molecules are undamaged and will have little, if any effect, on moat experiments. Nonetheless, it appears that some modifications are still introduced in the newer chemistry which are undetectable by HPLC analysis alone. In the future, improvements in phosphoramidite chemistry such as those discussed herein will insure high levels of biological fidelity, both in vitiQ and in vivo, thus expanding the utility, value, and success of synthetic oligonucleotides.
Nonetheless, it is important to note that the problems encountered in our early version oligomers may also apply to others synthesized under identical conditions. Given that oligonucleotides are usually synthesized in large excess over actual laboratory needa, those having oligonucleotides synthesized by similar chemistries 3hould use them with caution.
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